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I. BACKGROUND 

Since the Geometrical Theory of Diffraction (GTD) was introduced, 
the analysis of antenna radiation patterns has become more practical. 
This method gives one accurate information about the radiated fields 
even when obstacles are located near the antenna. 

This report describes the GTD analysis of field patterns radiated 
by a horn antenna in the presence of perfectly conducting flat plates 
(i.e., obstacles). The basic approach applied in this study is to com¬ 
pute the radiation patterns for two different situations. The first 
one applies to only one plate, and the next one uses two plates. 

In the case of one plate, the most significant terms are the in¬ 
cident field directly from the source, a reflected field from the plate 
and a singly diffracted field from each of the plate edges. But when 
two plates are used, additional terms such as a double reflected field, 
a reflected/diffracted field and a diffracted/reflected field are super¬ 
imposed with the previously mentioned terms. These additional fields 
are caused by interactions between the plates. 

The horn antenna patterns in this study are taken in the E-plane 
so that a two dimensional solution can be applied. Plates are mainly 
located outside the flare angle of the horn in order to observe how 
the plates affect the sidelobes or lower radiation levels. In other 
words, the whole radiation pattern in the presence of obstacles strongly 
depends on the complete geometry. 

Various experimental results are used to verify the accuracy of 
the calculated patterns. 
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II. THEORY 


2-1. Wedge Diffraction 
A. Introduction 


When a line source illuminates a wedge, the radiation from the source 
and scattering from the wedge can be analyzed by the GTD, a high frequency 
technique allowing a complicated structure to be approximated by basic 
canonical shapes. The GTD is a ray optical technique and, therefore, 
allows one to gain some physical insight into the various reflection and 
diffraction mechanisms involved. Consequently, one is able to quickly 
determine the most significant scattering mechanism for a given geometrical 
configuration. This, In turn, leads to an accurate engineering solution 
to practical antenna problems. The basic GTD solutions needed are dis¬ 
cussed in this chapter, and these solutions are applied to specific struc¬ 
tural scattering problems in the following chapters. For the geometry 
shown in Figure 2-1, the total field is expressed by 

E T » E 1 u 1 + f u r + E d . (2-1) 

The field (E 1 ) is the electric field directly radiated by the source, the 
field (E r ) is the electric field reflected from the surface of the obsta¬ 
cle, and the field (f^) is the diffracted field from the edges of the 
structure. The unit step functions u and u are shown to emphasize the 
discontinuities in the incident and reflected fields at the shadow bound¬ 
aries. They are defined as being unity in the "so-called" lit regions 
and zero elsewhere. The extent of these regions is determined by Geometrical 
Optics (GO). The surfaces used in this report are perfectly conducting 
plates and the surrounding medium is free space. 
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OBS. PT. 



Figure 2-1. Basic wedge diffraction geometry. 


Geometrical-Optics Fields 


The incident field (or H 1 ) can be produced by a source causing 
a plane, cylindrical or spherical wave. Since a line source is used 
in this report, the incident field is defined by 

-jkpg 

J 2 C, I ^- , 0° < * £ 180° + <j> ' 

F 1 - ] s ( 2 - 2 ) 

< 0 , otherwise 

where 


F 1 is the electric line source field. 






NADC-80095-30 



4 


NADC-80095-30 


for a magnetic line source. Note that the lit region for the reflector 1 
field is given by region, 0 °<_ 4 > <_ 180° - <j>'. 

C. Edge Diffraction 

The GTO provides diffracted field solutions for a wedge, corner, 
etc. This section briefly discusses the edge diffraction problem. 

An asymptotic solution for diffraction from a conducting wedge was 

1 2 

first solved by Sommerfeld . Originally, the GTD as applied to dif¬ 
fraction by a wedge was based on plane wave diffraction coefficients. 
However, as shown in Reference 3 the use of cylindrical wave diffraction 
coefficients has been found necessary in the treatment of antennas. 
Consequently, different formulations of wedge diffraction have super- 
ceded the plane wave diffraction coefficients originally proposed by 

4 

Keller. Pauli introduced the Vg function as a practical formulation 

to the solution for a finite angle conducting wedge. Hutchins and 
£ £ 

Kouyoumjian 0 ’ , however, have presented a formula for the diffracted 
field, which significantly improves the accuracy over that obtained 
from Pauli's form. 

This improved diffraction solution 5 ’’ 6 is significantly better 
in the transition regions (near the incident and reflected shadow bound¬ 
aries). It can be written in the form: 


V B (L, 8,n) * I_ ir (L,B,n) + I + J[L, B,n) 


( 2 - 6 ) 


where 


I + (L,8»n) 4 _ 

- 1T jnjfr 


-j(kL+V4) u+Q 

e /T cot (-4) 


x e^ a / e"^ T dx + [higher order terms] 

Jk la 


(2-7) 


5 
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Here the higher order terms are negligible for large kL. The parameter 
n is defined |rom the w^dge angle relationship: WA = (2-n)-r, a = 1 
+ cos(p-2mr N') where N" is a positive or negative integer or zero, 
whichever most nearly satisfies the equations 

2nirN“ - 8 = - it for I (2-8) 

“7T 

2n N + - 8 = + 7T for I. . (2-9) 

^ +7T 

The variables L and 8 used here are defined below. 

The wedge diffraction problem is illustrated in Figure 2-2. 

A source whose radiated F field is given by E 1 is located at the point 
s’ (r 1 ,<{, 1 ,z‘). It can be an arbitrary electric or magnetic source 
causing plane, cylindrical, conical, or spherical wave incidence on 
the edge. The diffracted vector field at s(r,<j>,z'i can be written in 
terms of a dyadic diffraction coefficient. Kouyoumjian and Pathak 7 
have given a more rigorous basis for the GTD formulation and have shown 
that the diffracted fields may be written compactly if they are in 
terms of an edge-fixed coordinate system centered at the point of 

diffraction (Q^). The diffraction point is uniquely specified for 
a given source, edge and observation point. The incident ray diffracts 
as a cone of rays such that ^ 

The relationship between the orthogonal unit vectors associated with 
these coordinates (s', Q' q , s, 6 Q , £) are given by 


A A. 

I = - S' 

(2-10) 

^ A A 

i » e' 0 x 

(2-11) 

^ A A 

S = 8 0 X <t> 

f2-12) 


7 
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A A 

where I is the incident unit vector and s is the diffraction unit vector 
as shown in Figure 2-2. 


The diffracted field is now given by 
E^s) > E i (Q E ) • D e (s,I) A(s) e‘ jkS 

where 


s e ■ - e; K D s - {• {o h 

-Jtt/ 4 r - 

D s h ( 4 >, <h‘ ,8 q ) = -~=r- |cot(^-)F(kLa + (B")) 

s ’ h 0 2nj2*k sinS Q L ^ 

— + 

+ cotf^-)F(kLa"(8‘l) + {cot(Sig-) 


(2-13) 


(2-14) 


+ 

F(kLa + (B + )) + cot(^)F(kLa _ (6 + )) ) 


(2-15) 


and 


. CO . 2 

F(x) = 2j| x| e JX / e" jT dx 

|/7l 


(2-16) 


Note that F(x) is called the transition function. In matrix notation 
this can oe written as 


E u (s) 

Ejfsl 



0 


0 

-d l 


t'JV 
L EifQ E \ 


A(s) e' jks 


(2-17) 


The 0 $ coefficient applies for the case of the E-field component 
being parallel to the edge (electric line source) with the boundary 
condition (acoustically soft) 


8 


« 
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<W * 0 • 

The 0^ coefficient applies when the E-field vector is perpendicular 
to the edge (magnetic line source) with the boundary condition (acousti¬ 
cally hard) 

(*)-0 • (2-19) 

3n 


The angular relations are expressed by 
+ 

0 = 8 “ * <(> - 4 >' • 


( 2 - 20 ) 


The term is related to the incident field, and the $+<j>' term is 
associated with the reflected field. The quantity A(s) is the ray 
divergent factor given by° 


A(s) -< 


_1 

JT 


r 


S'_ 

s(s'+s) 


plane, cylindrical wave incidence 


spherical wave incidence 


( 2 - 21 ) 


Here the distance parameter 


(L) for a straight wedge is given by 


8 


s sin^S Q 

plane wave incidence 


ss' 

s+s' 

cylindrical wave incidence 

(2-22) 

2 

ss'sin 



0 

s+s‘ 

conical and spherical wave 
incidence 



9 
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At grazing incidence (i.e., when d> 1 =0), the expression for 0 

h 

and D s must be multiplied by a factor of 1/2. This comes about because 
the incident and reflected fields merge together and only one-half the 
total field on the surface is associated with the incident field, the 
other half being the reflected field. 

2-2. Horn E-plane Pattern Solution 

The E-plane radiation pattern for a rectangular horn can be ana- 
lyzed using GTD as suggested by Russo et al . 

Since a rectangular horn antenna has two diffractions in addition 
to the radiation from the horn throat, one can analyze the E-olane 
pattern using the three radiation mechanisms illustrated in Figure 2- 
3. 


OBSERVATION 



Fields from the apex source are obtained by the GO method. This 
field is confined to the horn flare angle and the amplitude and phase 
are only dependent upon the radial distance (p) as shown in Figure 2- 
3. The total GO field is represented by the one source at the horn 
apex. 


10 
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Next, diffracted fields from the horn edges are considered. Since 
t‘=0 and the grazing incidence case exists, the diffraction coefficients 
are 


y*,e 0 ) - 


■j n /4 r 


2n v /2*ksin6 


jcot(^) F(kLa(g)) 


+ cot(^) F(kLa(0)) 


(2-23) 


Therefore, the total far zone field of a horn antenna can be derived as 
follows. 

From Figure 2-4, 


*1 = 

ir/2 * 

e Q ♦ 0 


(2-24) 

*2 * 

3/2 TT 

• 9 o ’ 6 


(2-25) 

P 1 * 

P - P 

o sin(0 " 

e o } 

(2-26) 

0 2 s 

o-o 

0 sin (e ' 

f e o> 

(2-27) 

m 

O 
—1 

, e go 

+ Ej * e! 

d 

? 

(2-28) 


* CK 

e”j k P 
-- + 1 

f “ Jk °l 

E 1 (Q, -) ( O h S- 




D 

’• 2 V h i 




-jkp 2 v i 




+ °h 

h 2 

—) 
P 0 ' - 


(2-29) 
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where 


e'(Qi j2 ) 


(2-30 








HORN 


Figure 2-4. Geometry associated with horn analysis. 

Hence, the total field of a magnetic line source in the far zone from 
Equation (2-29) is given by 
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Ejot = CK 


e -jkp 

7T 


-jk P, 



jkp 0 (sin(e-e 0 ) d 


jkp (sin(84fl )| 

)4 

Figure 2-5 shows an ideal (computed) radiation pattern with both 
sides symmetric about the axis at 90°.* The measured curve here almost 
coincides with the computed curve. The main lobe shows excellent agree¬ 
ment, and the first sidelobes are with a decibel. However the measured 
pattern behind the horn is not as smooth as the computed curve and there 
is a 4 dB difference at 270°. This results in that the computed curve 
does not include diffractions from an input connector and the pyramidal 
structure at the back of the horn. 

2-3. A Line Source Radiating in 
the Presence of a Strip 

Before proceeding to the more difficult problem of analyzing 
antennas in the presence of complex structures, let us consider the 
GTO analysis of a single line source radiating in the presence of a 
perfectly conducting strip as shown in Figure 2-6. Geometrical-optics 
fields and diffracted fields from the conducting strip are treated by 
the GTO. 

In order to simplify the problem, the line source is assumed 
parallel with the strip edges, allowing a two dimensional coordinate 
system to be used. The case of the conducting strip is equivalent to 

♦Analyzing Figure 2-5, it is noted that the main lobe is caused pri¬ 
marily by geometrical optics fields generated by the apex source within 
the limited horn flare angles. The first sidelobes are caused by the 
diffraction effects of the horn edges. 


(2-31) 
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Z STRIP PLATE 




Figure 2-6. Geometry associated with strip 
diffraction problem. 
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two half planes or two edges with both wedge angles zero 
total field for a line source near a strip is given by 

■fT -=ri i ^ -=r r . -=d , 

E = E u + E u + E-j + E 2 

- rj / j 

Here E-j is the diffracted field from edge 1 , and E^ is 
field from edge 2 . The unit step functions u 1 and u r 
lit regions and zero otherwise. Referring to Figure 2-6 
field terms can be expressed by 


-ikp 


?i 1 - r e 

E u = z C 


JK 


-jkp. 

E r u r = + z C --u r 


JpT 


E? = 2 C {D h (<t>-j- 


•u e 


+ D h (<t> ^+<l> } 

s 


= 2 C t D. (♦,-*') + D, ( 4 .,-Hfci) 


-jkp ] 

- jkR 1 
e 



-jkp 2 

-jkR^ 


»2 - ^ ^ v^ 2™2 ; *- h ^2 

$ s 


2 f*2 


Ifi 


. Thus the 

(2-32) 

the diffracted 
are unity in 
, the various 


(2-33) 


(2-34) 


(2-351 


(2-36) 
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III. ANALYSIS OF HORN/OBSTACLE FIELD PATTERNS 


3-1. Introduction 


This chapter describes the analysis of the radiation patterns 
of horn antennas in the presence of conducting plates fi.e., obstacles) 
using the GTD. 

The horn radiation is treated using the analysis presented in 
Section 2-3 in which the horn antenna is simulated by an array of 3 
magnetic line sources (i.e., apex plus 2 edge diffractions as shown 
in Section 2-2). 

The horn antenna patterns are taken in the E-plane with all the 
plates aligned perpendicular to that pattern cut such that one can apply 
a two dimensional analysis to this three dimensional problem. In order 
to illustrate all the pertinent GTD terms the radiated fields are com¬ 
puted and measured for two different situations (one and two plate 
obstacles). 


3-2. Horn in the Presence of a Single Plate 

Based on the GTD, one can extend the horn analysis of the previous 
chapter to treat the problem of a strip in the presence of a horn. 

Note that the three horn sources (throat radiation, plus two edge dif¬ 
fractions) may illuminate the strip. In that low level radiation pre¬ 
diction is being studied here. It is assumed that the plate cannot 
be illuminated by the throat radiation. Thus only diffracted fields 
from the horn edges hit the plate as shown in Figure 3-1. 

Analyzing the field pattern for the horn and plate in detail, 
the total field (E*) is expressed by 


17 




NADC-80095-30 


e 1 = i s + r + 


(3-1) 


where 


r s = Source field from the horn 
r r = Reflected field from the plate 
= Diffracted field from plate edges 


DIFFRACTED 



Figure 3-1. Horn in the presence of a single plate. 


As discussed above, the field E s is composed of geometrical optics 
fields from the horn apex and diffracted fields from the horn edges. 
These two different fields have their own shadow and lit regions ac¬ 
cording to the horn geometry. 


I 

r y- w ti , 


tr 
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Since the plate in this report is located outside the horn flare 
angle, the geometrical optics field does not hit the plate; whereas, 
the diffracted fields from the horn edges do. Thus, the reflected 
fields shown in Figure 3-2 can be expressed as 


= | =1 U m °h { V } ex P / ' jk(p im^o ) )^Tm^ p o ; (3 ‘ 2) 

r 

1 reflection region for the mth diffraction, and 

u = 

0 otherwise. 

Note that the constants and unit vectors discussed in Chapter 2 are 
omitted here. 

Figure 3-2 shows the geometrical direction of the reflected fields when 
the diffracted fields from the horn edge ® hit the plate. The total 
reflected field, which includes the reflected field associated with 
diffractions from edges © and © of the horn, is shown in Figure 
3-5fh) for the geometry illustrated in Figure 3-4. The diffracted 
fields from the plate edges (which are actually double diffracted fields' 1 
can be expressed by Equation (3-3) and shown in Figure 3-3. These 
fields are given by 

I, W 

m= I =1 


ex P~ jk(p md + VP 0 ) • (3-3) 

Again an example of total diffracted is shown in Figure 3-5(c). 
The total field expressed by Equation (3-1) is shown in Figure 3-5(d). 
Computed and measured field patterns are shown in Figures 3-6, 3-7 and 
3-8 for different frequencies. 
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OBSERVATION 

PT. 



Figure 3-3. Diffraction from plate edge illuminated 
by a horn sidelobe in the E-plane. 
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180° 

(a) SOURCE FIELD 



— — WITH PLATE 

— — — WITHOUT PLATE 

FREQUENCY * 8.97 GHz 


h-« h- 
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Figure 3-5. 

terms 


Calculated E-plane patterns of various GTD field 
associated with horn-to-plate interaction . 
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Figure 3-6. Comparison of computed and measured E-plane patterns 
for a horn in the presence of a single plate. 










computed and measured E-plane patterns for a horn in the presence 
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Figure 3-9(a). Double reflection from plate to plate. 



Figure 3-9(b). Reflected/diffracted field. 
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Figure 3-9(c). Diffracted/reflected field. 


where F rr = double reflected field off a plate after reflection 
by another plate, 

E = diffracted field off an edge after reflection by a 

plate (reflected/diffracted field), and 

E dr = reflected field off a plate after diffraction by a 
plate edge (diffracted/reflected field). 

Figure 3-9 illustrates these various field mechanisms in terms 
of geometric illustrations. The doubly reflected field is given by 

^ "jn^l n^l U,nn exp ^" J '^ p o +p imn^,4^o^imn 

1 double reflection region, and 

0 otherwise. 
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Figure 3-9(a) illustrates a double reflection term in which a 
reflected field of horn edge © reflects from plate #1 and, subsequently, 
is reflected from plate #2. Thus, some of the reflected eneray from 
plate #1 intersects the other plate such that a new reflected wave, 
called a double reflected field, is created. Accordingly, the amplitude 
and phase of this wave is different as expressed by Equation (3-5). 

The reflected/diffracted field is given by 


E rd = l l I u^ D ($ ) 

m=l n=l *4i n h * mn 


+ D h (ot ng, +ot A 2 . ) 


exp 




(3-6) 


This field occurs when a reflected field from one plate hits an edge 

on the second plate. Figure 3-9(b) shows a reflected/diffracted wave 

produced when a reflected field via plate #1 hits edge © on plate 
rd 

#? in which case u^ = 1. 

Note that according to the geometry of Figure 3-9fb), ~ 0 

in that edge @ on plate #2 is not illuminated by the reflected field 
from plate #1. 


The total reflected/diffracted field is given by Equation (3-6), 
which is different than the diffracted field expressed by Equation (3- 
3) in that the field incident on the edge comes from a reflection mech¬ 
anism. 

Diffracted/reflected fields are the product of reflections from 
one plate after diffraction from another. This term is illustrated 
in Figure 3-9(c), and its solution is expressed by 
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J, J, 


V“ 


mi 



+ ^V a nJl + a njl^ PXD(-jk(p 0 + p mnJl + R i ni )) //c^//p mn g/.A i 

(3-7) 


On the basis of the above equations for each field component and 
using the geometry illustrated in Figure 3-10 the computed polar plots 
of each field component are illustrated in Figure 3-11(a)-(g) at a 
frequency of 11.5 GHz. Computed and measured results at different 
frequencies with the same geometry are, also, shown in Figures 3-12, 
3-13 and 3-14. 


2 ? 
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7.4 cm 


6.1cm 




Ih) GEOMETRY 


Figure 3-10. Geometry of horn in presence of two plates. 




(a)SOURCE FIELD 


(b) REFLECTED FIELO 
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IV. CONCLUSIONS 

The purpose of this research effort has been to examine the util it 
of the Geometrical Theory of Diffraction (GTD) in analyzing the low 
scattering levels associated with large arrays mounted on aircraft. 
Specifically, can GTD accurately predict the scattering from an obstacle 
which is illuminated by a low side lobe associated with the radiation 
from a large array? To answer this question, the GTD has been used 
to analyze the scattering from a plate or set of plates illuminated 
by a side lobe from a rectangular horn. The horn is used here in that 
it is far simpler to use experimentally; yet, one can still illuminate 
structures with a side lobe. Using this approach various geometries 
were tested and compared with the GTD calculated results. It is our 
conclusion based on these comparisons that GTD can accurately predict 
the scattering from plates or plate simulated obstacles when they are 
illuminated by a side lobe radiated from a large aperture antenna or 
array. 
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